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Abstract
Biofuels from algae are highly interesting as renewable energy sources to replace, at least partially, fossil fuels, but great
research efforts are still needed to optimize growth parameters to develop competitive large-scale cultivation systems. One
factor with a seminal influence on productivity is light availability. Light energy fully supports algal growth, but it leads to
oxidative stress if illumination is in excess. In this work, the influence of light intensity on the growth and lipid productivity
of Nannochloropsis salina was investigated in a flat-bed photobioreactor designed to minimize cells self-shading. The
influence of various light intensities was studied with both continuous illumination and alternation of light and dark cycles
at various frequencies, which mimic illumination variations in a photobioreactor due to mixing. Results show that
Nannochloropsis can efficiently exploit even very intense light, provided that dark cycles occur to allow for re-oxidation of
the electron transporters of the photosynthetic apparatus. If alternation of light and dark is not optimal, algae undergo
radiation damage and photosynthetic productivity is greatly reduced. Our results demonstrate that, in a photobioreactor for
the cultivation of algae, optimizing mixing is essential in order to ensure that the algae exploit light energy efficiently.
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Introduction
Photosynthetic organisms are receiving growing attention, due
to their possible exploitation in the production of biofuels for
partial replacement of fossil fuels [1–5]. One of the possibilities
currently implemented is to produce biodiesel from oil-rich seeds,
although several problems are still open, such as limited areal
productivity of crops and competition with food production for
arable land [6]. One interesting alternative is exploiting some
species of algae which are capable of accumulating large amounts
of lipids and may thus represent suitable feedstock for biodiesel
production. These organisms have also been estimated to have
potential oil productivity per area which is ten times higher than
that of crops, and they are thus a highly promising source for
biomass production in a medium-term perspective. However,
intensive research efforts are still needed to exploit this potential to
the full in large-scale cultivation systems [4,5,7].
Algae are a group of organisms with very large biological
variability [3]: species of the genus Nannochloropsis are particularly
interesting in this context, because of their ability to accumulate
large amounts of lipids which may reach concentrations of up to
65–70% of total dry weight [8–10]. Such massive accumulation
of lipids has been shown to be activated in response to stresses
such as nitrogen or phosphorus starvation or exposure to excess
light [10–14].
In order to exploit these organisms for large-scale biofuel
production, it is essential to investigate in detail how various
parameters influence productivity. Among the several possibilities,
lightisamajorfactor,becauseitprovidesalltheenergynecessary to
support metabolism but, if present in excess, may lead to the
formation of harmful reactive oxygen species (ROS) and oxidative
stress [15].
When cells are exposed to illumination, one component of the
photosynthetic apparatus, photosystem II (PSII), is continually
damaged and must be continually repaired by re-synthesis of
damaged components [16,17]. Photosynthetic organisms exposed
to saturating light can also reduce oxidative damage by thermal
dissipation of excess energy [15]. Both the repair of damaged
photosystems and the dissipation of energy reduce the overall
efficiency of light use and should be minimized, if higher
productivity is to be achieved.
Algae in photobioreactors are inevitably exposed to variable
incident light due to diurnal and seasonal differences in
irradiation. Nannochloropsis species have been shown to be capable
of growing in a large range of illumination intensities, acclimating
to changing conditions by optimizing the composition of their
photosynthetic machinery to irradiation [8,18,19]. Observed
responses to different light intensities include modulation of
pigment composition and concentrations of enzymes involved in
carbon fixation [19,20].
It should also be noted that algal cultures in photobioreactors
have high optical density, which causes highly inhomogeneous light
distribution. As a consequence, surface-exposed cells absorb most
of the light, leaving only a residual part of the radiation for the cells
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external layers are easily exposed to excess light and they must
thermally dissipate up to 80% of their photons in order to avoid
radiation damage. This greatly reduces their light use efficiency.
Following this idea, it has been shown that the overall efficiency of
photobioreactors increases when the light path is diminished,
reducing the inhomogeneity of light distribution [21]. Unfortu-
nately, very short light paths are difficult to be implemented in
large-scale plants, due to practical and economic reasons.
Another factor to be considered is that cells in photobioreactors
are rapidly mixed and move abruptly from darkness to full sunlight
[22]. Mixing cycles vary greatly according to cultivation system,
and mixing rate on a millisecond time-scale can be achieved in
closed tubular reactors or optical fiber-based photobioreactors,
thanks to turbulent eddies [22]. Conversely, in raceway ponds,
laminar flows often affect efficient mixing [23].
Alternation of light/dark periods has been suggested to be
beneficial to photosynthetic efficiency [23–32]. In some cases, the
possibility of achieving light integration has been shown, meaning
that fluctuating light can be exploited with the same efficiency as
continuous light of equal average intensity [31]. However, the
experiments reported in the literature focused on very different
ranges of flash frequencies, from 5 Hz [31] to 1 kHz [27,33],
making a complete comparison of results difficult. Also, while
some experiments evaluated flash effects only on photosynthetic
oxygen evolution [29,33–35], others evaluated longer-term effects
such as growth rates [26,27,32], which again affected the
possibility of merging data.
Experiments with photobioreactors also suggest that mixing
rates affect photosynthetic productivity and, in particular, that the
latter increases with the frequency of light/dark alternation
[25,36,37]. However, this conclusion has not always been
confirmed, and other reports show that higher mixing rates do
not improve photosynthetic efficiency [38,39], clearly indicating
that deeper understanding of the influence of light fluctuations on
photosynthetic productivity is needed.
In this work, the influence of illumination conditions on
Nannochloropsis salina growth and lipid productivity was evaluated
in a flat-bed photobioreactor, designed to minimize self-shading.
Algae were grown under various continuous irradiances but also
with dark/light cycles of different intensities and frequencies,
simulating changes in illumination occurring in a photobioreactor
as a consequence of mixing. Results showed that, if mixing is
appropriately optimized, a photobioreactor can exploit even very
intense irradiances with high efficiency. Instead, if the alternation
of dark and light is not carefully established, pulsed light can
inhibit growth.
Results
Growth of Nannochloropsis salina in a Flat-bed Panel at
Various Illumination Intensities
The influence of light intensity on Nannochloropsis salina growth
was assessed in a flat-bed photobioreactor, designed to reduce the
influence of self-shading on observed growth rates and pro-
ductivity (Figure S1). All experiments were performed with low
optical density cultures, to further reduce the effect of self-shading
on growth kinetics. CO2 and nitrogen (as nitrate) were provided in
excess, in order to avoid growth limitation due to these nutrients
and to reveal illumination effects only. Figure 1 shows that the
light intensity reaching the culture greatly influenced both growth
rate and final cellular concentration achieved in the stationary
phase. Between 5 and 150 mEm
22 s
21, the growth rate increased
with light intensity, peaking at 150 mEm
22 s
21. Above this limit,
any light increase was inhibiting. Under the most intense
illumination (350 and 1000 mEm
22 s
21), growth curves also
showed a detectable lag phase, which did not appear in the other
conditions (Figure 1A). However, after a few days, Nannochloropsis
cells resumed growth even in these conditions.
When biomass productivity, expressed as final cellular concen-
tration, is normalized to light intensity, two distinct regions are
clearly identifiable. This ratio is constant up to 150 mEm
22 s
21,
indicating that irradiation energy is exploited with comparable
efficiency in all cultures within this range. Instead, over the
150 mEm
22 s
21 limit, the ratio decreases drastically, showing
that, although the cells are still capable of showing substantial
growth, they use light energy with lower efficiency (Figure 1B).
Effect of Pulsed Light on Growth of Nannochloropsis
salina
As already noted, algae in a photobioreactor are subjected to
natural variations in illumination but also to dark/light cycles due
to mixing. Accordingly, cells rapidly move from regions where
they are fully exposed to sunlight, to others where they are
substantially in darkness. In order to understand how algae
respond to these conditions, Nannochloropsis salina cells were grown
in square-wave light/dark cycles to simulate mixing. All experi-
ments were performed providing an average total amount of
photons always corresponding to 120 mEm
22 s
21 of continuous
light, a value chosen because it represents the highest intensity at
which the cell growth is still light-limited. Once the average
intensity (Ia ) of the light provided was fixed, the influence of other
parameters, such as frequency and intensity of light pulses, could
be assessed. As shown in Table 1 and schematized in Figure S2,
flashes of two different intensities, 350 and 1200 mEm
22 s
21,
were used and, in order to provide the same total amount of
energy, light was turned on for one-third and one-tenth of the light
cycle, respectively (duty cycles (w) of 0.33 and 0.1). In both cases,
the influence of different frequencies of light changes, correspond-
ing to different durations of light and dark phases, was explored
(see Table 1).
With the strongest flashes (1200 mEm
22 s
21), the choice of the
frequency of light pulses showed a huge influence on growth
performance. At 10 Hz, the growth rate was the same as that of
cells exposed to constant moderate light (120 mEm
22 s
21,
Figure 2A, with nomenclature reported in Table 1). In these
conditions, the cells showed complete light integration, meaning
that they exploited pulsed light as well as continuous illumination
[31]. When light was supplied in pulses at lower frequencies, such
as 5 and 1 Hz, growth was greatly inhibited, although the total
amount of light and pulse intensity were the same. In the case of
1200-1 and 1200-5 Hz, growth was even slower than under
constant, intense light (Figure 2A–C). Biomass productivity,
estimated as the number of cells per unit of light intensity
Figure 1. Nannochloropsis salina growth under different light intensities in a flat-bed photobioreactor. A) Growth kinetics of algae
exposed to differing light intensities from 5 to 1000 mEm
22 s
21. Data with 5, 50, 120, 150, 250, 350 and 1000 mEm
22 s
21 shown in light blue, black,
red, green, dark blue, pink and yellow, respectively. B) Growth parameters determined from curves in A, specific growth rate (black squares) and
cellular concentration after 8 days of growth (red circles). C) Cellular concentrations reported in B normalized to light intensity: this may be used as
approximate estimate of biomass production, as no significant deviation of cell size or DW/cell ratio was observed.
doi:10.1371/journal.pone.0038975.g001
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light with greatly reduced efficiency, although the total amount of
energy provided is low.
Similar experiments were also performed with 350 mEm
22 s
21
flashes. In one case, i.e., at 350-30 Hz, growth rate and final cell
concentration values were again equivalent to continuous
120 mEm
22 s
21, showing that cells achieved light integration.
In another condition, i.e., 350-10 Hz, growth was inhibited,
confirming that the frequency of light changes has an enormous
effect on biomass productivity.
Effect of Illumination Conditions on Photosynthetic
Apparatus
Fv/Fm is a useful parameter to evaluate photosynthetic
efficiency in algae and plants and, in particular, to highlight
photoinhibition due to excess illumination [40]. Fv/Fm was
monitored in all cultures and cells grown at different levels of
continuous light up to 150 mEm
22 s
21, and all showed similar
Fv/Fm values, around 0.6260.02 (Figure 3). Over this limit,
reduced Fv/Fm was correlated with increase of light intensity,
indicating that the cells were undergoing photoinhibition.
In pulsed light experiments, Fv/Fm was in the optimal range in
both cases when growth was good, 1200 - 10 Hz and 350 - 30 Hz.
Instead, in all cases with impaired growth, a reduction in Fv/Fm
was also observed, indicating that the cells also underwent
photoinhibition, although they were exposed to a low total
amount of photons.
Nannochloropsis, like many other algae, responds to different light
conditions by modulating the composition of its photosynthetic
apparatus, a response called acclimation [19,41]. One regulation
commonly observed in photosynthetic organisms exposed to
various light intensities is alteration of chlorophyll (Chl) content
per cell and the carotenoid (car)/Chl ratio. Under excess
illumination, Chl content decreases to reduce light harvesting
efficiency, and carotenoids, active in protecting against oxidative
stress, are accumulated. As shown in Figure 4, continuous strong
light reduces Chl content per cell and increases that of carotenoids.
Instead, clear-cut differences in the light response were observed
in cells under pulsed light, which did not accumulate large
amounts of carotenoids or even increase their Chl content per cell.
The cells thus showed a peculiar response with respect to those
exposed to the same total amount of light but provided
continuously. This response did not depend particularly on the
frequency or duration of light pulses, since similar pigment
contents were observed in cells growing well and in others showing
light inhibition, with the only exception of the condition 350 -
10 Hz.
Light-stressed Cells Accumulate Lipids in Excess CO2
Conditions Only with Continuous Illumination
Light intensity has been suggested to influence algal lipid
synthesis, with strong illumination inducing their accumulation
[1,42]. A transition from control to high light conditions was found
to enhance lipid accumulation also in Nannochloropsis species
[13,14,43].
To assess if this was also the case in the experimental conditions
tested here, lipid productivity was monitored in all cultures
(Figure 5). In all limiting light conditions up to 150 mEm
22 s
21,
cells at the end of the exponential growth phase had low lipid
contents, around 10% DW, corresponding to the constitutive
contents of cellular membranes [44]. At irradiances over
150 mEm
22 s
21, lipid contents increased, reaching a maximum
of 7069% at 350 mEm
22 s
21. Even considering that gravimetric
evaluation of lipid contents has been suggested to present the risk
of overestimation [45], these data support the hypothesis that
strong illumination stimulates lipid biosynthesis.
It was interesting to observe that, when cells were grown in
pulsed light, no induction of lipid accumulation was observed in
any of the conditions tested, whether cells were growing well or
not.
Discussion
Influence of Light Conditions on Algal Productivity
The effects of light irradiance on Nannochloropsis productivity
were monitored in a flat-bed reactor designed to minimize cellular
self-shading. Since other major factors influencing algal growth
(nitrogen and CO2) were supplied in excess, this system was
considered as optimal to reveal the influence of illumination on
algal productivity.
One method for verifying whether this assumption is correct is
to compare growth rate and final cellular concentration. The
former is measured in the first few days of the curve, whereas
biomass concentration depends on when cell duplication stops. In
the presence of a significant cells shading, high light cultures
should have beneficial effects in the late exponential phase,
reaching higher concentrations. Instead, Figure 1B shows that
growth rates and final cellular concentrations both show a very
similar dependence on illumination intensity, supporting the
previous assumption that shading effects are minimized in this
system.
Table 1. Description of pulsed light conditions employed for Nannochloropsis salina growth.
Condition Light Intensity (I0)
Frequency of
light change Flash time (tf) Dark time (td)
Integrated light
intensity (Ia) Duty cycle (w)
120 120 mEm
22 s
21 – ‘ – 120 mEm
22 s
21 1
1200-10 1200 mEm
22 s
21 10 Hz 10 ms 90 ms 120 mEm
22 s
21 0.1
1200-5 1200 mEm
22 s
21 5 Hz 20 ms 180 ms 120 mEm
22 s
21 0.1
1200-1 1200 mEm
22 s
21 1 Hz 100 ms 900 ms 120 mEm
22 s
21 0.1
350-10 350 mEm
22 s
21 10 Hz 33.33 ms 66.67 ms 120 mEm
22 s
21 0.33
350-30 350 mEm
22 s
21 30 Hz 11 ms 22 ms 120 mEm
22 s
21 0.33
Alternating cycles of light and dark were all designed to have same integrated light intensity (Ia), corresponding to 120 mEm
22 s
21 of continuous light. Flashes of two
intensities were employed, 1200 and 350 mEm
22 s
21, with duty cycles of 0.1 and 0.33. Light changes made at different frequencies, 10, 5, 1 Hz with 1200 mEm
22 s
21
and 10, 30 Hz with 350 mEm
22 s
21. Pulsed light conditions resulted in precise duration of flashes (tf) and dark (td). See also Figure S2.
doi:10.1371/journal.pone.0038975.t001
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during which irradiation was limiting and a second phase in which
light had an inhibitory effect (Figure 1B). This was expected, as
light may be limiting for growth but, if in excess, leads to oxidative
stress [15]. It is worth noting that, at the highest intensity tested
(1000 mEm
22 s
21), cultures showed growth similar to that at
350 mEm
22 s
21, indicating that cells can protect themselves from
such strong light excess and yet maintain significant biomass
accumulation.
In order to demonstrate the influence of illumination on growth,
it was interesting to analyze the final cell concentration values,
normalized to illumination intensity (Figure 1C). Since no
significant deviations in cell size or weight were observed, this
ratio represents an estimate of culture biomass productivity. In this
case, in which light is limiting for growth, cells clearly exploit
radiation energy with very similar efficiency, probably to the
maximum in these conditions. Instead, after the 150 mEm
22 s
21
limit, productivity falls drastically. The case of 250 mEm
22 s
21 is
interesting to be mentioned, since cells still showed a good growth
rate, close to the values found at 120 mEm
22 s
21. However, since
the light energy provided was more than double, light use
efficiency fell by more than 50%. A real large-scale photobior-
eactor may be imagined as being composed by a overlap of several
of these layers: this result indicates when most external cells are
exposed to strong illumination, although they are able to cope with
the resulting stress, they use available energy with lower efficiency.
This drop in productivity of the more external layers, which are
also those absorbing most of the light energy, is definitely
detrimental for the overall photobioreactor performance.
One strategy against this limitation is suggested by experiments
with pulsed light, which showed that even strong light, beyond the
saturation point of photosynthesis, can be efficiently exploited for
Figure 2. Algal growth kinetics under pulsed light. A–B) Nannochloropsis growth curves in pulsed light of differing intensity and frequency,
1200 mEm
22 s
21 (10, 5, 1 Hz, respectively in red, blue and green, A) and 350 mEm
22 s
21 (10 and 30 Hz in red and blue, B). Kinetics with
120 mEm
22 s
21 continuous light reported for comparison (black). C) Growth rate (columns) and cellular concentration after 8 days of growth (red
squares) extrapolated from curves in A–B. Values with 120 and 1000 mEm
22 s
21 constant illumination from Figure 1 reported for comparison. D) Cell
concentration in C reported normalized to integrated light intensity. 1200-10, 5, 1 Hz and 350-10, 30 Hz reported in dark blue, pink, light blue, red
and green respectively.
doi:10.1371/journal.pone.0038975.g002
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PLoS ONE | www.plosone.org 5 June 2012 | Volume 7 | Issue 6 | e38975Figure 3. Dependence of photosynthetic efficiency (Fv/Fm) on illumination conditions. Fv/Fm values at end of exponential phase,
compared between cells grown under continuous illumination of differing intensity (black squares) and pulsed light of differing intensity and
frequency, 1200 mEm
22 s
21 (10, 5, 1 Hz, red, green and blue circles), 350 mEm
22 s
21 (10 and 30 Hz, pink and light blue diamonds). Cells at
5 mEm
22 s
21 were too dilute to provide reliable results.
doi:10.1371/journal.pone.0038975.g003
Figure 4. Acclimation response in cells grown in continous vs. pulsed light. Cells grown under differing light intensities, either continuous
or pulsed, compared with their Chl content per cell (black) and Chl/Car ratio (red), parameters indicating activation of acclimation response to pulsed
light conditions.
doi:10.1371/journal.pone.0038975.g004
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120 mEm
22 s
21 and 1200-10 Hz. Note that, at 120 mEm
22 s
21,
light is still limiting for growth, as shown in Figure 1B–C, implying
that, with this optimal alternation of light and dark, cells can use
all the energy of pulsed light with the same efficiency they achieve
under continuous low illumination [25–27,31]. This is clearly
shown by noting that the number of cells per unit of light is the
same at 1200-10, 350-30 Hz and all constant low illumination
(Figure 2D). This high efficiency is possible because photochemical
intermediates produced in a short flash of intense light can be
processed further by enzymatic reactions during the following dark
period, so that cells perform time integration of the light energy
received.
However, similar experiments, at different frequencies, also
showed that alternating dark and light may be detrimental, as
demonstrated by the growth inhibition observed in the 1200-1 and
25 Hz curves. These cells showed a decrease in Fv/Fm values
similar to that observed under constant strong light, indicating that
the inhibition of growth was due to photoinhibition. Even more
importantly, when the number of cells per unit of light was
considered, cells growing at 1200-1 and 25 Hz used light at very
low efficiency. For instance, in the 1200-1 Hz experiment, biomass
productivity was as low as in 1000 mEm
22 s
21 continuous light
cultures, although the total energy provided was 8.3 times lower.
Apparently, in these cases, cells perform worse that those exposed
to continuous light, showing that alternating light and dark can
also reduce growth efficiency.
In experiments with alternate light, it should be noted that
similar results were obtained with light flashes of 1200 and
350 mEm
22 s
21, indicating that the intensity of the light pulses
does not have much influence (Figure 2C). The data also show that
frequency per se is not the major parameter determining light
influence. On the contrary, the conditions with the highest growth
(1200 mEm
22 s
21 - 10 Hz and 350 mEm
22 s
21- 30 Hz) have in
common the same length of the illumination phase, which thus
appears to have the largest influence on biomass productivity
among the parameters considered here.
The optimal duration of light pulses was found to be around
10 ms, which is consistent with the suggested PSII turnover rate in
whole cells [4,46]. Accordingly, after photon absorption by the
photosystem, 1–15 ms are needed to reset the system, before it is
ready to receive another photon [22]. If the illumination is this
short, most photons are exploited for photosynthesis and do not
lead to the formation of ROS which then causes photoinhibition.
These results indicate that even strong light does not cause damage
if it only lasts a short time. Conversely, longer exposure allows the
generation of ROS and damage and, in this case, the abrupt
changes in illumination undergone by the cells are as harmful to
the photosynthetic apparatus as constant high light.
A further observation is that a peculiar acclimation response is
activated under pulsed light conditions. This response does not
depend to any great extent on the frequency or duration of light
pulses, since similar pigment contents were observed in cells
growing well and in others (1200- 1 and 1200-5 Hz), and also in
ones showing light inhibition, with the only exception of the 350-
10 Hz level. These results indicate a particular type of acclimation
response in pulsed light conditions, which does not depend on the
stress perceived by the cells, nor on the total amount of light
absorbed. However, this deserves further investigation.
Light Effect on Lipid Production
In the perspective of exploiting algae as feedstock for biodiesel
production, biomass growth must be considered together with lipid
productivity. The relationship between light intensity and pro-
ductivity is complex, and many parameters influence the ability of
algae to accumulate lipids. The experiments with continuous
Figure 5. Evaluation of lipid productivity. Dependence of lipid production on illumination intensity. Productivity values with constant light
(black squares) compared with the ones with light flashes of 350 and 1200 mEm
22 s
21 at various frequencies.
doi:10.1371/journal.pone.0038975.g005
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light, lipid accumulation is stimulated, as also previously reported
[13,14,43]. It is noteworthy that such large lipid production was
observed in a medium where nitrogen was provided in excess and
was not induced by lack of this nutrient. As shown in Figure S3,
lipid accumulation starts in the early phases of culture, when
nitrogen cannot be depleted, even if a far higher cell consumption
is assumed. This result confirms that excess light can induce lipid
accumulation without direct or indirect nitrogen depletion,
showing that other signals can induce high lipid accumulation in
N. salina.
In this context, the seminal influence of carbon dioxide
availability should be stressed. Previous results on Nannochloropsis
cells exposed to various radiation intensities with atmospheric CO2
showed light stress without any detectable induction of lipids [19].
On the contrary, in the experiments presented here, where carbon
dioxide was externally provided, light excess induced lipid
accumulation. These results clearly indicate that light stress alone
does not induce lipid synthesis, which is instead the result of more
complex regulation. With high light and limiting CO2, the
efficiency of the Calvin-Benson cycle is probably limiting, with the
consequent accumulation of molecules upstream of carbon dioxide
fixation. Instead, with excess CO2 and strong illumination,
molecules downstream of carbon dioxide fixation are more likely
to accumulate, eventually triggering triacylglycerol biosynthesis.
This hypothesis is consistent with data obtained with cells under
pulsed light. For example, cells exposed to 1200-1 Hz showed light
stress and inhibited growth which, however, did not result in any
significant lipid accumulation, confirming that light stress alone
does not induce lipid biosynthesis, but that its influence is
integrated with other metabolic signals.
Materials and Methods
Culture Conditions
Nannochloropsis salina, from SAG, was always grown in sterile
filtered F/2 medium [47], with 22 g/l sea salts from SIGMA,
40 mM TRIS HCl pH 8, SIGMA Guillard’s (f/2) marine water
enrichment solution 16, modified by the addition of a non-
limiting nitrogen concentration (NaNO3 1.5 g/L). Cultures were
maintained and propagated in the same medium, with the
addition of 10 g/l of Plant Agar (Duchefa Biochemie). Growth
experiments were performed in a flat-bed apparatus 0.8 cm deep
(Figure S1). Pre-cultures were grown at 100 mEm
22 s
21 in the
exponential phase, which was diluted to an Optical Density (OD)
of 0.45 at 750 nm. The final volume of the photobioreactor was
150 ml. Constant illumination between 5 and 1200 mEm
22 s
21
was provided with a LED Light Source SL 3500 (Photon Systems
Instruments). The light source was also programmed to generate
square-wave dark/light cycles at the desired intensities and
frequencies (Figure 2). Parameters describing flashes were flash
time (tf), dark time (td), duty cycle (w, corresponding to tf/(tf + td )
[26,32]), flash light intensity (I0) and integrated light intensity (Ia).
Temperature was kept at 2361uC in a growth chamber. CO2 in
excess (mixed at 5% v/v with air) was supplied by bubbling, which
also mixed cells. The medium was buffered with 40 mM TRIS
HCl, pH 8, to avoid alterations due to excess supply of CO2. Algal
growth was measured by daily changes in optical density OD750
(Lambda Bio 40 UV/VIS Spectrometer, Perkin Elmer) and cell
numbers were monitored in a Bu ¨rker Counting Chamber (HBG,
Germany). The specific growth rate was calculated by the slope of
the logarithmic phase for number of cells. At least four replicates of
all curves/experiments were performed.
In vivo monitoring of photosynthetic parameters. Chlorophyll fluores-
cence was determined in vivo at the end of exponential phase of
growth using a Dual PAM 100 from WALZ. Fv/Fm parameter
was calculated as (Fm-Fo)/Fo [48] after 20 minutes of dark
adaptation.
Pigment Extraction and Analysis
Chlorophyll a and total Car were extracted, at the end of
exponential phase of growth, from centrifuged cells of Nannochlor-
opsis with 100% N,N’-dimethylformamide for at least 48 hours at
4uC in dark conditions, as in [49]. Pigment concentrations were
determined spectrophotometrically with specific extinction coeffi-
cients [50,51].
Lipid Analysis
Lipid contents was routinely monitored by measuring fluores-
cence of Nile Red stained cells, after verification of the linear
correlation between the fluorescence signal and the total amount
of lipids. 2*10
6 cells were re-suspended in 1.9 ml of de-ionized
sterile water with 2.5 mg/mL NR and incubated for 10 minutes at
37uC [52]. Fluorescence was measured on a spectrofluorometer
(OLIS DM45), with excitation wavelength at 488 nm and
emission at 58065 nm [53]. Signals from algal autofluorescence
and Nile Red alone were subtracted. For verification of
fluorescence signal linearity, total lipids were extracted from dried
cells with ethanol-hexane (2.5:1 vol/vol) as solvent in a Soxhlet
apparatus for 10 h [54], as reported in the Figure S4. The lipid
mass was measured gravimetrically after solvent removal in
a rotary evaporator.
Supporting Information
Figure S1 Scheme of the Flat Bed Photobioreactor. The
flat-plate photobioreactors were built with transparent materials
(polycarbonate) for maximum utilization of light energy. The
working volume is 150 ml and the culture is mixed by an air-CO2
flow from a sparger placed in the bottom of the panel. The
amount of CO2 in air is regulated by two flow meters. The gas
flow supplies a non-limiting CO2 content to the culture. The gas
flow for each reactor is regulated using suitable valves.
(TIF)
Figure S2 Pulsed light conditions utilized for Nanno-
chloropsis salina growth. Alternated cycles of light and dark
were designed to have all the same integrated light intensity (Ia),
corresponding to 120 mEm
22 s
21 of continuous light. Flashes of
two different intensities were employed, 350 and
1200 mEm
22 s
21, with a duty cycle of respectively 0.33 and
0.1. Light changes were performed with different frequencies,
respectively 10 and 33 Hz with 350 mEm
22 s
21 and 10, 5 and 1
with 1200 mEm
22 s
21. These pulsed light conditions resulted in
precise durations of flashes (tf) and dark (td), as reported in
Table 1.
(TIF)
Figure S3 Timeline of lipids accumulation in Nanno-
chloropsis cells exposed to 350 (black) and 150 (red)
mEm
22 s
21. Lipid content was evaluated each day using Nile
Red staining correlated to total lipid concentration quantified
gravimetrically (see Figure S4).
(TIF)
Figure S4 Correlation of lipid accumulation in Nanno-
chloropsis evaluated by Nile Red staining and gravimet-
ric analysis.
(TIF)
Algae Productivity with Intermittent Light
PLoS ONE | www.plosone.org 8 June 2012 | Volume 7 | Issue 6 | e38975Author Contributions
Conceived and designed the experiments: GMG AB TM. Performed the
experiments: ES DS. Analyzed the data: ES DS TM. Contributed
reagents/materials/analysis tools: AB GMG. Wrote the paper: TM ES.
References
1. Hu Q, Sommerfeld M, Jarvis E, Ghirardi M, Posewitz M, et al. (2008)
Microalgal triacylglycerols as feedstocks for biofuel production: perspectives and
advances. Plant J 54: 621–639.
2. Dismukes GC, Carrieri D, Bennette N, Ananyev GM, Posewitz MC (2008)
Aquatic phototrophs: efficient alternatives to land-based crops for biofuels. Curr
Opin Biotechnol 19: 235–240.
3. Hannon M, Gimpel J, Tran M, Rasala B, Mayfield S (2010) Biofuels from algae:
challenges and potential. Biofuels 1: 763–784.
4. Malcata FX (2011) Microalgae and biofuels: a promising partnership? Trends
Biotechnol 29: 542–549. S0167–7799(11)00094–1 [pii];10.1016/j.tib-
tech.2011.05.005 [doi].
5. Chisti Y, Yan JY (2011) Energy from algae: Current status and future trends/
Algal biofuels - A status report. Applied Energy 88: 3277–3279.
6. Singh A, Nigam PS, Murphy JD (2011) Renewable fuels from algae: an answer
to debatable land based fuels. Bioresour Technol 102: 10–16.
7. Amaro HM, Guedes AC, Malcata FX (2011) Advances and perspectives in using
microalgae to produce biodiesel. Applied Energy 88: 3402–3410.
8. Boussiba S, Vonshak A, Cohen Z, Avissar Y, Richmond A (1987) Lipid and
biomass production by the halotolerant microalga Nannochloropsis salina. Biomass
12: 37–47.
9. Hodgson PA, Henderson RJ, Sargent JR, Leftley JW (1991) Patterns of variation
in the lipid class and fatty-acid composition of Nannochloropsis oculata
(Eustigmatophyceae) during batch culture.1. The Growth Cycle. Journal of
Applied Phycology 3: 169–181.
10. Rodolfi L, Chini ZG, Bassi N, Padovani G, Biondi N, et al. (2009) Microalgae
for oil: strain selection, induction of lipid synthesis and outdoor mass cultivation
in a low-cost photobioreactor. Biotechnol Bioeng 102: 100–112.
11. Gouveia L, Oliveira AC (2009) Microalgae as a raw material for biofuels
production. J Ind Microbiol Biotechnol 36: 269–274.
12. Sforza E, Bertucco A, Morosinotto T, Giacometti GM (2012) Photobioreactors
for microalgal growth and oil production with Nannochloropsis salina: from lab-
scale experiments to large-scale design. Chemical Engineering Research &
Design in press.
13. Sukenik A, Carmeli Y, Berner T (1989) Regulation of fatty-acid composition by
irradiance level in the eustigmatophyte Nannochloropsis sp. Journal of Phycology
25: 686–692.
14. Solovchenko A, Khozin-Goldberg I, Recht L, Boussiba S (2011) Stress-induced
changes in optical properties, pigment and fatty acid content of Nannochloropsis
sp.: implications for non-destructive assay of total fatty acids. Mar Biotechnol
(NY) 13: 527–535. 10.1007/s10126-010-9323-x [doi].
15. Li Z, Wakao S, Fischer BB, Niyogi KK (2009) Sensing and responding to excess
light. Annu Rev Plant Biol 60: 239–260.
16. Murata N, Takahashi S, Nishiyama Y, Allakhverdiev SI (2007) Photoinhibition
of photosystem II under environmental stress. Biochim Biophys Acta 1767: 414–
421.
17. Nixon PJ, Michoux F, Yu J, Boehm M, Komenda J (2010) Recent advances in
understanding the assembly and repair of photosystem II. Ann Bot 106: 1–16.
18. Pal D, Khozin-Goldberg I, Cohen Z, Boussiba S (2011) The effect of light,
salinity, and nitrogen availability on lipid production by Nannochloropsis sp. Appl
Microbiol Biotechnol 90: 1429–1441.
19. Simionato D, Sforza E, Corteggiani CE, Bertucco A, Giacometti GM, et al.
(2011) Acclimation of Nannochloropsis gaditana to different illumination regimes:
Effects on lipids accumulation. Bioresour Technol 102: 6026–6032.
20. Fisher T, Minnaard J, Dubinsky Z (1996) Photoacclimation in the marine alga
Nannochloropsis sp (eustigmatophyte): a kinetic study. Journal of Plankton
Research 18: 1797–1818.
21. Richmond A, Cheng-Wu Z, Zarmi Y (2003) Efficient use of strong light for high
photosynthetic productivity: interrelationships between the optical path, the
optimal population density and cell-growth inhibition. Biomol Eng 20: 229–236.
22. Carvalho AP, Silva SO, Baptista JM, Malcata FX (2011) Light requirements in
microalgal photobioreactors: an overview of biophotonic aspects. Appl
Microbiol Biotechnol 89: 1275–1288.
23. Grobbelaar JU (2010) Microalgal biomass production: challenges and realities.
Photosynth Res 106: 135–144. 10.1007/s11120-010-9573-5 [doi].
24. Xue S, Su Z, Cong W (2011) Growth of Spirulina platensis enhanced under
intermittent illumination. J Biotechnol 151: 271–277. S0168-1656(10)02063-8
[pii];10.1016/j.jbiotec.2010.12.012 [doi].
25. Gordon JM, Polle JE (2007) Ultrahigh bioproductivity from algae. Appl
Microbiol Biotechnol 76: 969–975.
26. Phillips JN, Myers J (1954) Growth rate of Chlorella in flashing light. Plant Physiol
29: 152–161.
27. Matthijs HC, Balke H, van Hes UM, Kroon BM, Mur LR, et al. (1996)
Application of light-emitting diodes in bioreactors: flashing light effects and
energy economy in algal culture (Chlorella pyrenoidosa). Biotechnol Bioeng 50: 98–
107.
28. Kim ZH, Kim SH, Lee HS, Lee CG (2006) Enhanced production of astaxanthin
by flashing light using Haematococcus pluvialis. Enzyme and Microbial Technology
39: 414–419.
29. Kok B (1956) Photosynthesis in flashing light. Biochim Biophys Acta 21: 245–
258.
30. Nedbal L, Tichy V, Xiong FH, Grobbelaar JU (1996) Microscopic green algae
and cyanobacteria in high-frequency intermittent light. Journal of Applied
Phycology 8: 325–333.
31. Terry KL (1986) Photosynthesis in modulated light: quantitative dependence of
photosynthetic enhancement on flashing rate. Biotechnol Bioeng 28: 988–995.
10.1002/bit.260280709 [doi].
32. Vejrazka C, Janssen M, Streefland M, Wijffels RH (2011) Photosynthetic
efficiency of Chlamydomonas reinhardtii in flashing light. Biotechnol Bioeng.
10.1002/bit.23270 [doi].
33. Nedbal L, Tichy V, Xiong FH, Grobbelaar JU (1996) Microscopic green algae
and cyanobacteria in high-frequency intermittent light. Journal of Applied
Phycology 8: 325–333.
34. Brindley C, Fernandez FG, Fernandez-Sevilla JM (2011) Analysis of light regime
in continuous light distributions in photobioreactors. Bioresour Technol 102:
3138–3148. S0960–8524(10)01744-X [pii];10.1016/j.biortech.2010.10.088
[doi].
35. Grobbelaar JU, Nedbal L, Tichy V (1996) Influence of high frequency light/
dark fluctuations on photosynthetic characteristics of microalgae photoaccli-
mated to different light intensities and implications for mass algal cultivation.
Journal of Applied Phycology 8: 335–343.
36. Meiser A, Schmid-Staiger U, Trosch W (2004) Optimization of eicosapentae-
noic acid production by Phaeodactylum tricornutum in the flat panel airlift (FPA)
reactor. Journal of Applied Phycology 16: 215–225.
37. Qiang H, Richmond A (1996) Productivity and photosynthetic efficiency of
Spirulina platensis as affected by light intensity, algal density and rate of mixing in
a flat plate photobioreactor. Journal of Applied Phycology 8: 139–145.
38. Zijffers JWF, Schippers KJ, Zheng K, Janssen M, Tramper J, et al. (2010)
Maximum photosynthetic yield of green microalgae in photobioreactors. Marine
Biotechnology 12: 708–718.
39. Kliphuis AMJ, de Winter L, Vejrazka C, Martens DE, Janssen M, et al. (2010)
Photosynthetic Efficiency of Chlorella sorokiniana in a Turbulently Mixed Short
Light-Path Photobioreactor. Biotechnology Progress 26: 687–696.
40. Maxwell K, Johnson GN (2000) Chlorophyll fluorescence - a practical guide.
J Exp Bot 51: 659–668.
41. Falkowski PG, LaRoche J (1991) Acclimation to spectral irradiance in algae.
J Phycol 27: 8–14.
42. Damiani MC, Popovich CA, Constenla D, Leonardi PI (2010) Lipid analysis in
Haematococcus pluvialis to assess its potential use as a biodiesel feedstock. Bioresour
Technol 101: 3801–3807.
43. Fisher T, Berner T, Iluz D, Dubinsky Z (1998) The kinetics of the
photoacclimation response of Nannochloropsis sp. (Eustigmatophyceae): a study
of changes in ultrastructure and PSU density. Journal of Phycology 34: 818–824.
44. Su CH, Chien LJ, Gomes J, Lin YS, Yu YK, et al. (2011) Factors affecting lipid
accumulation by Nannochloropsis oculata in a two-stage cultivation process. Journal
of Applied Phycology 23: 903–908.
45. Laurens LM, Quinn M, Van WS, Templeton DW, Wolfrum EJ (2012) Accurate
and reliable quantification of total microalgal fuel potential as fatty acid methyl
esters by in situ transesterification. Anal Bioanal Chem. 10.1007/s00216-012-
5814-0 [doi].
46. Dubinsky Z, Falkowski PG, Wyman K (1986) Light harvesting and utilization by
phytoplankton. Plant Cell Physiol 27: 1335–1349.
47. Guillard RRL, Ryther JH (1962) Studies of marine planktonic diatoms. I.
Cyclotella nana Hustedt and Detonula confervagea Cleve. Can J Microbiol 8: 229–
239.
48. Demmig-Adams B, Adams WW, Barker DH, Logan BA, Bowling DR, et al.
(1996) Using chlorophyll fluorescence to assess the fraction of absorbed light
allocated to thermal dissipation of excess excitation. Physiologia Plantarum 98:
253–264.
49. Moran R, Porath D (1980) Chlorophyll determination in intact tissues using n,n-
dimethylformamide. Plant Physiol 65: 478–479.
50. Porra RJ, Thompson WA, Kriedemann PE (1989) Determination of accurate
extinction coefficients and simultaneous equations for assaying chlorophylls a and
b extracted with four different solvents: verification of the concentration of
chlorophyll standards by atomic absorption spectroscopy. Biochim Biophys Acta
975: 384–394.
51. Wellburn AR (1994) The spectral determination of chlorophyll-A and
chlorophyll-B, as well as total carotenoids, using various solvents with
spectrophotometers of different resolution. Journal of Plant Physiology 144:
307–313.
Algae Productivity with Intermittent Light
PLoS ONE | www.plosone.org 9 June 2012 | Volume 7 | Issue 6 | e3897552. Chen W, Zhang C, Song L, Sommerfeld M, Hu Q (2009) A high throughput
Nile red method for quantitative measurement of neutral lipids in microalgae.
J Microbiol Methods 77: 41–47.
53. Greenspan P, Mayer EP, Fowler SD (1985) Nile red: a selective fluorescent stain
for intracellular lipid droplets. J Cell Biol 100: 965–973.
54. Molina GE, Robles MA, Gimenez GA, Sanchez PJ, Garcia-Camacho F, et al.
(1994) Comparison between extraction of lipids and fatty acids from microalgal
biomass. J Am Oil Chem Soc 71: 955–959.
Algae Productivity with Intermittent Light
PLoS ONE | www.plosone.org 10 June 2012 | Volume 7 | Issue 6 | e38975